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Thiazide treatment of rats provokes apoptosis in distal
tubule cells
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Thiazide treatment of rats provokes apoptosis in distal tubule cells. We
studied the effects of inhibitian of apical NaCI entry on the structural
correlates for electrolyte transport in the distal convoluted tubule (DCT)
of rats. Thiazide diuretics were used to block NaCI entry specifically in the
DCT. Metolazone or hydrochlorothiazidc (HCTZ) were applied for three
days subcutaneously via osmotic minipumps. The renal epithelial structure
of control and treated rats was studied by light and electron microscopy.
Distribution of the thiazide-sensitive NaCI cotransporter (rTSCI), calbi-
ndin D2SK and Ca2Mg2tATPase was examined by immunohistochem-
istry, and the content of rTSCI transcripts by Northern blot and in situ
hybridization. In treated rats the DCT epithelium had lost the structural
characteristics of electrolyte transporting epithelia and the cells were in
different stages of apoptosis. In damaged cells calbindin D2SK and
Ca2tMg2ATPase were strongly decreased; the rTSC1 was shifted from
the luminal membrane to the basal cell half and was found additionally in
small membrane vesicles in intercellular and peritubular spaces. Tran-
scripts of rTSC 1 were drastically reduced in homogenates of kidney cortex
and almost absent in damaged DCT cells. All other tubular segments were
unaffected by the treatment. Focal inflammatory infiltrates were found to
be specifically surrounding DCT profiles. Thus, inhibition by thiazides of
apical NaCI entry into DCT cells is associated with apoptosis of DCT cells
and focal peritubular inflammation.
In laboratory animals prolonged increases of sodium chloride
transport rates in cortical distal segments induce epithelial hyper-
trophy [reviewed in 1, 2], including increased DNA-synthesis rates
[3]. These adaptative changes result in an increased capacity for
salt transport [4, 5]. Also in humans prolonged high salt delivery
to cortical distal segments seems to up-regulate their capacity for
salt transport. This occurs, for instance, under treatment with loop
diuretics, which increase the salt delivery to the segments down-
stream of the thick ascending limb (TAL) [6, 7]. Obviously,
long-term regulation of electrolyte homcostasis requires adapta-
tive down-regulation of transport capacity as well. Indeed, several
studies dealing with distal segments have shown that progressive
lowering of the tubular workload entails modulation of epithelial
structure and of transport capacity to lower levels [8—11].
Whereas some of the mechanisms controlling tubular epithelial
hypertrophy, hyperplasia and up-regulation of salt transport rates
have been elucidated in the last few years [12, 131, little informa-
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tion exists on adaptative processes that bring about a decrease of
transport capacity.
In the present investigation we studied the structural effects of
three days of inhibition of NaCI transport in the distal convoluted
tubule (DCT) in rats. Inhibition of NaCI transport in the DCT
specifically was achieved by using thiazide diuretics, metolazone
and hydrochlorothiazide (HCTZ). Both diuretics induced massive
structural degeneration of DCT cells, including loss of the struc-
tural equivalents of salt transport machinery and apoptotic cell
death, a shift of the thiazide-sensitive NaCl cotransporter (rTSCI)
from the luminal membrane to the basal cell portion and a
decrease of rTSC1 transcripts. The peritubular interstitium in the
immediate vicinity of degenerating DCT cells showed inflamma-
tory infiltrates.
Methods
Animals
Adult male Wistar rats (BRL, FUllinsdorf, Switzerland) of
167 3 g (mean SEM) body wt were housed individually with
free access to standard lab chow and two bottles of drinking
solutions. One bottle contained tap water, the other one con-
tained a salt solution (0.8% NaC1 + 0.1% KC1) [3], Body weight,
fluid intake, urinary volume and osmolality were measured daily.
Urinary excretion rates of Na and K were calculated for the third
24-hour period of thiazide treatment. Measurements of Na and K
were made by flame photometry.
Treatment
Metolazone (ICN Biomedicals Inc., Aurora, OH, USA) and
hydrochlorothiazide (HCTZ; Sigma, St. Louis, MO, USA) were
dissolved in polyethylene glycol 300 (PEG 300; Fluka Chemie,
Buchs, Switzerland) and applied via osmotic minipumps (model
2MLI; Alzet, Palo Alto, CA, USA), implanted subcutaneously in
the neck region under inhalation anesthesia with methoxyflurane
(metofane; Pitman-Moore, Mundelein, IL, USA). Prior to im-
plantation the pumps were primed for four hours in 37°C warm
saline. Simultaneously with the implantation the animals received
a loading dose of HCTZ and metolazone by gastric instillation
that equalled the daily dose.
In pilot experiments we applied five different doses of metola-
zone (0.004, 0.04, 0.4, 4 and 40 mg/kg body wt/24 hr), each given
to three animals during 72 hours. The lowest dose of 0.004 mg/kg
body wt/24 hr had no statistically significant effect on diuresis;
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Table 1. Antibodies used for immunohistochemistry
Antibody Host Dilution Source Reference
Primary antibodies
Secondary antibodies
Anti-rTSC1
Anti-NHE-3 (serum 1568)
Anti-ecto-5'-nucleotidase
Anti-H-ATPase (clone Eli)
Anti-Ca-Mg-ATPase
Anti-calbindin D25K
Cy3" conjugated anti-rabbit IgG
FITC conjugated anti-mouse IgG (Fab2)
Colloidal gold conjugated anti-
rabbit IgG
rabbit
rabbit
rabbit
mouse
mouse
mouse
donkey
goat
goat
1:1000
1:8000
1:10000
1:10
1:40
1:2000
1:2000
1:40
1:40
S. C. Hebert
0. W. Moe
M. Le Hir
5. Gluck
Sigma, St. Louis, MO
Sigma, St. Louis, MO
Jackson Immuno Research
Laboratories, West Grove, PA
DAKO, Glostrup, Denmark
Jackson Immuno Research
Laboratories West Grove, PA
[13]
[17]
[121
[14]
from 0.04 to 4 mg/kg body wt/24 hr, urinary output, water and salt
intake increased progressively. With 40 mg/kg body wt/24 hr no
further augmentation of diuresis was observed. Therefore, the
dose of 4 mg/kg body wt/24 hr appeared to maximally inhibit NaC1
transport in DCT. In the definitive experiment (N = 5), the dose
of 4 mg/kg body wt/24 hr of metolazone was given during three
days.
A second group of animals (N = 5) was treated for three days
with 40 mg/kg body wt/24 hr of HCTZ. This dose yielded a
diuresis ranging between that obtained with 4.0 and 0.4 mg
metolazone.
In control animals (N = 5) the implanted pump contained only
PEG 300.
Fixation
Three days after implantation of the pumps the kidneys were
fixed for five minutes by intravascular perfusion through the
abdominal aorta of anesthetized rats, as described previously [14].
The fixative solution was composed of 3% paraformaldehyde and
0.05% picric acid in a 6:4 mixture of 0.1 M cacodylate buffer (pH
7.4, adjusted to 300 mOsm with sucrose) and 10% hydroxyethyl
starch in saline (HAES steril TM; Fresenius AG, Germany).
Light and electron microscopy
From each left kidney four tissue blocks (of ---5 X 3 mm side
lengths) extending from the renal capsule to at least the upper
third of the inner zone were immersed for at least two hours in the
same fixative as described above, to which 0.5% glutardialdehyde
was added. This tissue was then embedded into epoxy resin,
according to routine procedures, and used for light and electron
microscopy. One j.m-thick sections and ultrathin sections were
cut with an ultramicrotome (Reichert Jung, Vienna, Austria) and
stained with 1% methylene blue and 1% azure II, and lead citrate
and uranyl acetate, respectively. The sections were studied with a
Polyvar microscope (Reichert Jung) and a Phillips CM 100
electron microscope, respectively.
Immunohistochemistty
The remaining tissue was processed for immunohistochemistry.
Coronal slices across the right kidney, comprising the cortex, the
outer medulla and part of the inner medulla, were frozen in liquid
propane, cooled with liquid nitrogen. From these slices 5 m thick
serial sections were cut in a cryostat. For preparation of 1 jrm
thick cryostat sections, cut with a cryoultramicrotome, small
blocks of cortical tissue (of about 2 mm side length) were
cryoprotected by incubation for at least two hours prior to
freezing in 1.7 M sucrose, added with 20% PVP.
Some of these 1 tm cryosections were used for electron
microscopical immunolocalization of the rTSCI. To this aim the
binding sites of the primary rabbit antiserum were revealed by an
anti-rabbit serum, conjugated with 6 nm gold particles. The
sections on the glass slides were then osmicated and embedded
into epoxy resin following routine procedures, and ultrathin
sections were cut and stained with lead citrate and uranyl acetate.
We studied by immunofluorescence the distribution pattern of
luminal membrane proteins (thiazide-sensitive NaCl cotrans-
porter [15]; l-T-ATPase [161, provided by Dr. S. Gluck; ecto-5'-
nucleotidase [141), the basolateral membrane protein Ca2 -
Mg2-ATPase, and the cytoplasmic and nuclear protein calbindin
For visualization of binding sites of primary antibodies second-
ary antibodies labeled with fluorescent dyes were utilized. Cell
nuclei were stained with 4, 6-diamidino-2-phenylindole dihydro-
chloride (DAPI; Boehringer, Mannheim, Germany), 2 jig of
which were added per I ml of the working dilution of the
Table 2. Gain of body weight, fluid intake, urinary flow rate, osmolality, urinary excretion rate of sodium (UNV) and potassium (UKV) during 24
hours preceeding kidney fixation
Group
.Gain of
body wt
g/24 hr
Fluid intake ml Urinary output
Tap water
Salt
solution
Urinary flow
rate (V) ml OsmolalitymOsm/kg
UNV
mEq
UKV
mEq
Control 5.3 0.3 19.5 1.3 6.3 1.3 4.0 0.6 2057 91 1.30 0.05 1.17 0.1
Metolazone 4.0 0.6 6.0 2.Y' 48.3 13.7" 25.8 8.5" 943 102" 7.61 0.99" 2.88 0.28"
HCTZ 4.5 0.6 2.8 1.7" 56.0 1.8" 22.8 1.0" 1022 41" 7.23 0.75" 2.84 0.15"
Data are mean SEM; N = 4/group. Differences between group means of metolazone- and HCTZ-treated animals were not significant.
"P < 0.05 treated vs. control.
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Fig. 1. Overviews on the renal cortex in a rat, treated for three days with metolazone, 1 p.m epon Section. (A) Beginning (bar) of the DCT (D), a short
distance downstream the macula densa (arrowheads). (B) end portion of the DCT and transition to the successive connecting tubule (CN). The entire
DCT epithelium is affected; in the transitional portion from the DCT to CNT single injured cells (arrows) are interspersed among the intact CNT cells.
All other distal and proximal segments are intact. The incidence of interstitial cells in the environment of affected DCT profiles is increased.
Abbreviations are: P, proximal tubule; T, thick ascending limb; CD, cortical collecting duct (magnification -36Ox, bar 5O p.m).
secondary antibody. The sources and dilutions of primary and
secondary antibodies are given in Table 1.
The slides were mounted in DAKO-glycergel (Dakopatts,
Glostrup, Denmark) containing 2.5% of 1 ,4-diazabicyclo (2.2.2)oc-
tane (DABCO; Sigma) as fading retardant. The sections were
studied by epifluorescence, using single, double or triple band
filters, allowing separate and simultaneous viewing of green, red
and blue fluorescence.
In situ hybridization
Digoxigenin-l1-UTP labeled riboprobes were synthesized by in
vitro transcription [DIG RNA Labeling Kit (SP6IT7); Boehringerj
from the full length rTSCIa eDNA [17]. After linearization by
BamHI and Sail, sense and antisen.se riboprobes were generated
by T7 and SP6 RNA polymerases, respectively. RNA probes were
degraded by alkaline hydrolysis to fragments of -200 bases
length. Cryostat sections (5 j.tm thick) of perfusion-fixed kidneys
were placed on silanized glass slides and postfixed by 4% PFA in
PBS for 30 minutes. Afterwards the slides were stored for four
hours in ice-cold 75% ethanol. After rinsing in H20 slides were
acetylated for 10 minutes by 0.1 M triethanolamine and 0.25%
acetic anhydrate. Subsequently slides were rinsed twice in H20
and the sections were prehybridized at 42°C for one hour in PBS
containing 0.025 M EDTA, 2.5x Denhardt's, 250 p.g/ml salmon
sperm DNA, and 50% formamide. Hybridization was performed
at 42°C for 14 hours in a solution containing 10 ng/i1 of the probe,
0.5x PBS, 0.3 M NaCl, IX Denhardt's, 100 p.g/ml salmon sperm
DNA, 10% dextran sulfate and 50% formamide. Subsequently the
sections were rinsed twice in 2 X SSC followed by two rinses in
1 X SSC and 50% formamide and one rinse in 0.2 X SSC. Each
44Bj:.
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Fig. 2. Ultrathin sections of DCT cells. (A) Control rat. (B) A rat treated for three days with metolazone. Cell structure is disorganized, showing
numerous autophagosomes (open arrows) and thin basal processes, bordering enlarged extracellular spaces. Arrow shows a structurally intact tight
junction (magnification —7000X, bar —2 zm).
rinsing step was performed at 45°C for 30 minutes. Digoxigenin-
labeled hybridized probes were detected by using the DIG DNA
Labeling and Detection Kit (Boehringer) according to the man-
ufacturer's instructions. The alkaline phosphatase-linked sheep-
anti-digoxigenin antibody was diluted 1/500. Nitroblue tetrazo-
hum salt and 5-bromo-4-chloro-3-indolyl phosphate served as
chromogenic substrates for the alkaline phophatase catalyzed
color reaction.
RNA isolation and Northern blot
Kidneys of an additional three control rats and three rats
treated with metolazone (during three days 4 mg/kg body wt/24
hr) were removed without prior fixation. Renal cortex was sepa-
rated from the medulla, snap frozen in liquide nitrogen and stored
at —70°C until use. Total RNA was isolated from homogenized
tissue using the UltraspecTM II RNA Isolation system (Biotecx
Laboratories, Houston, TX, USA), electrophoresed (10 j.g RNA/
lane) in a 1% agarose, 1% formaldehyde-gel and transfered to a
nylon membrane (Stratagene, La Jolla, CA, USA). After UV
cross-linking, the membrane was prehybridized one hour at 68°C
in a buffer containing 6 x SSC, 5x Denhardt's solution, 0.5%
SDS, and salmon sperm DNA at 0.2 mg/ml. Hybridization was
carried out in the same buffer overnight at 68°C with a
{n'2PIdCTP (Amersham, Buckinghamshire, UK) labeled DNA
probe obtained by random priming (Pharmacia Biotech, Piscat-
away, NJ, USA) of the full length rTSC1a eDNA [17]. After
hybridization blots were washed twice in 2 >< SSC, 0.1 % SDS for
five minutes at room temperature and once in 0.1 X SSC, 0.1%
SDS for 30 minutes at 45°C. After exposure and stripping by
washing the membrane in water for four hours at 65°C, the blots
were rehybridized with a GAPDH eDNA probe using the same
conditions as described above.
Blood analysis
From the non-perfused animals we took blood samples from
the retroorbital vein plexus for measurements of hematocrit, and
plasma levels of sodium, potassium and creatinine.
Statistics
The data are given as means SEM. Statistical differences
between groups were evaluated by analysis of variance (ANOVA)
in conjunction with the Scheffe test, using standard computer
software. Differences were considered to be significant when P <
0.05.
Results
Physiological data
The daily gain of body wt, fluid intake, urinary output and
osmolality are given in Table 2. Excretion rates of Na and K of
treated rats were significantly higher than in controls. There were
no significant differences between any of the measured blood
parameter between control (Na 144 2 mEq/liter; K 5.0 0.5
mEq/liter; creatinine 0.3 0.1 mg/dl; hematocrit 44 1%) and
metolazone treated rats (Nat 149 2 mEq/liter; K 4.1 0.4
mEq/liter; creatinine 0.4 0.1 mg/dI; hematocrit 44 2%).
Structure
Light microscopy. In agreement with previous observations
implantation of minipumps with the solvent only did not affect rat
renal structure [3, 181. Glomeruli, tubular structures, as well as the
peritubular interstitium were in all respects similar to that of
untreated healthy rats.
Three days of treatment with metolazone (4 mg/kg body wt/24
hr) dramatically altered the structure of the DCT epithelium.
DCT profiles were recognizable as such owing to their location
within the cortical labyrinth, their proximal connection to the
structurally intact thick ascending limb (Fig. 1A) and their distal
connection to the intact CNT (Fig. 1B). The CNT epithelium
appeared slightly hypertrophied. Proximal tubules and glomeruli
were as in controls.
All DCT profiles were affected by the treatment (Fig. 1). At
most sites the epithelium of the DCT was strikingly thickened and
resembled a stratified epithelium. It was composed of heavily
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Fig. 3. Ultrathin section details of DCT epithelium in rat, treated for three days with metolazone. (A) Disorganized epithelial lining composed of cells in
different stages of apoptosis. The enlarged intercellular spaces (asterisk) as well as the lumen (L) are filled with cellular debris; the arrow shows a
structurally intact tight junction. Insert. Vesicles in the basal portion of the cell [lJ, in basal intercellular spaces [21, and beyond the basement membrane
(BM) in the interstitial space are labeled with immunogold, hound to the rTSCI. (B) Apical cell pole with huge heterophagosomes (short arrow), lipid
droplets (open arrows) and cellular debris (arrow). The luminal membrane displays unusually long microprojections surrounded by cellular detritus. (C)
Microprojections of the apical membrane adorned with small, bleb-like protrusions (small arrows). (D) The mitochondria in apoptotic cells reveal
lysosomal transformation (arrowheads). Numerous short microprojections extend into the wide intercellular spaces (asterisk) that are filled with small
vesicles and cellular detritus (magnifications: A —5000x; insert 47000X; B —15000X; C —30000x; D —16000x. Bars are: A —2.5 rm, B—D —500 nm).
transformed squamous and degenerating cells with massive accu-
mulations of lysosomal bodies. The frequency as well as the size of
nuclei in the thickened epithelium seemed to be increased. Many
nuclei showed morphological signs of apoptosis or were homoge-
neously pale. Occasionally, desquamated cells were seen within
the tubular lumen. Exceedingly thin cells were occasionally inter-
spersed among the thickened areas (Fig. 1).
In the transitional region from the DCT to the CNT only a few
structurally affected cells were intermingled among the structur-
ally intact CNT and intercalated cells. The latter were prominent,
often particularly densely stuffed with mitochondria and adorned
with a dense formation of microfolds.
Several layers of flattened fibroblasts surrounded the damaged
tubular profiles and the incidence of immune cells appeared to be
increased at these sites. Mitotic cells were frequent among the
interstitial cells in the vicinity of damaged DCT profiles. The
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Fig. 4. Thiazide-sensitive NaC1-cotransporter (rTSCI) protein in the DCT
revealed by immunofluorescence. (A) In control animals immunostaining is
strong in the luminal membrane and in small subapical vesicles. (B) In a
rat treated for three days with metolazone, immunostaining is weak or
absent in the luminal membrane, but accumulated in the basal portions.
Small vesicles binding the antiserum are seen in the immediate interstitial
environment of the affected DCT profiles (small arrows) (magnification
—610X, bar —20 pm).
interstitial reaction associated with the treatment will be de-
scribed in more detail in a separate paper.
Electron microscopy. DCT cells of control animals (Fig. 2A)
were all of equal height, the nuclei were located in the apical third
of the cells, and the basal two thirds of the cells were densely
stuffed with mitochondria, enclosed in interdigitated cell pro-
cesses, oriented perpendicularly to the basement membrane. The
intercellular spaces between these processes were narrow.
In treated animals the "stratified" DCT profiles exhibited the
most conspicuous cytological alterations, with evident signs of
apoptosis in the majority of the cells. The cells were flat and small
and did not show any sign of polarization. Only those cells
bordering the lumen were connected by tight junctions (Fig. 3A).
The nuclei of the cells displayed heavy chromatin condensations,
adjacent to the nuclear envelope (Fig. 3A). The perinuclear
cytoplasm was mostly reduced to a narrow rim and the more or
less large cytoplasmic extensions contained remnants of cell
organdIes (Fig. 3 A, D). The apoptotic cells were surrounded by
wide intercellular spaces, ifiled with cellular debris and abundant
small membrane-bound vesicles of about 30 to 50 nm in diameter.
Short microprojections, extending into the lumen and into the
intercellular spaces were occasionally adorned with small bleb-like
vesicles (Fig. 3C). Small vesicles were seen also between the
basement membrane and basal cell processes, and occasionally
even in the peritubular interstitial space adjacent to damaged
DCT cells (Fig. 3 insert).
In places where the polarization of the epithelial cells was still
preserved typical features of apoptosis were lacking. However, the
cell nuclei appeared often enlarged and clear, with flocculent
chromatin condensations and clumpy nucleoli, and were located
more basally than in healthy DCT cells (Fig. 2B). The cytoplasm
appeared to be slightly condensed, the cisterns of the Golgi
complexes were massively dilated (Fig. 2B), and mitochondrial
profiles were small and displayed unusually narrow cristae (Fig.
3B). Some cells were stuffed with huge autophagosomes and
"apoptotic bodies" containing recognizable remnants of mito-
chondria, lamellar structures and nuclear material (Fig. 3B). The
apical membrane frequently displayed clusters of atypical long
microvilli, often surrounded in the lumen by cellular debris (Fig.
3B). The basolateral cell processes were transformed to thin
finger-like villi devoid of mitochondria (Fig. 2B). Intercellular
spaces were enlarged. Most probably the structural changes in
these cells represented earlier stages of apoptoses than those
apparent in cells of the "stratified" epithelia.
In all stages of cellular injury the basement membrane was
continuous, but frequently it revealed outpouchings with basal
protrusions of the DCT cells, rendering the basal outline of the
tubule irregular (Fig. 3D).
Dose dependency of structural changes
The effects on DCT structure of 0.4 mg/kg body wt/24 hr
metolazone were undiscernible from those after 4 mg/kg body
wt/24 hr. After treatment with 0.04 mg/kg body wt/24 hr metola-
zone all DCT profiles were affected, but "stratified" epithelia with
clearly apoptotic cells were less frequent than with the higher
doses. Although we could not measure a significant effect on
diuresis with 0.004 mg/kg body wt/24 hr, discrete, but nevertheless
distinct changes in DCT epithelium structure were apparent. DCT
profiles revealed a lower epithelium with less regularly arranged
basolateral cell processes and smaller mitochondria than in un-
treatd rats. Almost all DCT cells showed an increased frequency
of large lysosomes in the apical and basal cell portion. Single
apoptotic cells within the epithelial lining were occasionally seen
but "stratified" profiles were lacking with this dose.
The extent of of interstitial inflammation correlated with the
severity of the tubular lesions.
After three days of treatment with 40 mg/kg body wt/24 hr of
HCTZ the changes in the DCT corresponded in their majority to
those, seen with 4 mg/kg body wt/24 hr of metolazone hut
"stratified" epithelia with cells in advanced stages of apoptosis
were less frequent. Peritubular inflammation in the vicinity of
damaged epithelia was present also after HCTZ-treatment.
Immunohistochemisriy
Localization of rTSCJ. In control rats rTSCI immunoreactivity
was found in the luminal membrane and in small vesicles imme-
diately beneath the luminal membrane of DCT cells exclusively
(Figs. 4A and 5A). The TAL, recognized by antibodies against the
Na/proton exchanger isoform 3, NHE-3 (provided by OW. Moe)
and the CNT [intercalated cells recognized by anti-ecto-5'-nucle-
otidase [14] and anti-H -ATPase antibodies [16], CNT cells,
strongly positive for calbindin D7SK (see below)1 were rTSC1-
negative.
After three days of metolazone or HCTZ treatment the luminal
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Fig. 5. Transitional region from the DCT to the CNT in the cortex of a rat treated for three days with metolazone [double immunostaining for rTSCI (second
antibody Cy3 -conjugated; red fluorescence) and calbindin D2SK (second antibody FITC-conjugated; green fluorescence)1. (A) Viewed with a filter displaying
red fluorescence for rTSC1; immunostaining is almost absent in the luminal membrane and weak over the cytoplasm of the damaged DCT (D)
epithelium. In contrast, in the transitional portion (asterisk) from the DCT to the CNT (CN) some cells display a strong luminal staining for the rTSCI.
The CNT profiles are rTSC1-negative. (B) Viewed with a filter displaying green fluorescence for calbindin D2SK. Immunostaining is almost undetectable
in damaged DCT profiles, whereas it is very prominent in rTSC1-positive cells (arrows) in the transitional portion and in the rTSC 1-negative CNT cells.
Cells unreactive with both antibodies (arrowheads) are intercalated cells (magnification —360x, bar -5O gm).
rTSC1 immunoreactivity was decreased or even absent, but there
was a diffuse cytoplasmic labeling, with rather prominent staining
in basal cell portions. in "stratified" DCT profiles immunostaining
for the rTSC1 was particularly weak. In 1 ,ctm sections rTSC1
immunofluorescence in basal cell portions could be resolved as
labeling of very small vesicles (Fig. 4B). Single cells with normal
luminal staining pattern for the rTSC1 were occasionally inter-
mingled among the damaged cells. In the most distal rTSC1-
binding cells (in the transitional region between DCT and CNT)
the cellular distribution pattern of the rTSCI was consistently
unaffected by the treatment (Fig. 5A).
Immunoelectron microscopy confirmed the striking decrease of
binding of anti-rTSC1 antibody to the luminal membrane, and in
the basal cell half showed an increased incidence of intracellular
vesicles binding to the anti-rTSCI antibody. The small vesicles
within the dilated intercellular spaces as well as similar vesicles in
the interstitial space were often labeled by gold granules (Fig. 3A,
insert). Binding to extracellular sites was never observed in
control animals.
Calbindin D2SK
In control animals immunostaining for calbindin D2SK was weak
in DCT [15], and very heavy in CNT cells [191. Double labeling of
sections for rTSC1 and calbindin D2SK revealed that the most
distal rTSC1-binding cells displayed as heavy calbindin DSSK
immunostaining as CNT cells (rTSCI-negative). In damaged DCT
profiles of treated animals the immunoreactivity for calbindin
D2SK was merely detectable (Fig. 5B). However, in the most distal
rTSC1-positive cells, that were not affected by the treatment,
immunostaining for calbindin D2SK was very strong (Fig. 5).
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Fig. 6. Ca2tMg2tATPase in renal cortex, revealed by immunofluores-
cence. (A) In untreated rats Ca2-Mg2-ATPase is detected in basolateral
cell membranes of distal convoluted tubule (D) and connecting tubule
(CN) profiles. (B) In DCT profiles of rats treated for three days with
metolazone, Ca2-Mg2-ATPase is almost not detectable, yet is strongly
seen in CNT profiles (magnification —320x, bar —50 jLm).
Ca2tMg5tA TPase
In addition to Na reabsorption, the DCT and the CNT are
involved in Ca2 reabsorption, and both segments reveal Ca2-
Mg2-ATPase in their basolateral cell membranes (Fig. 6A). In
CNT cells the treatment had no influence on the immunostaining,
in damaged DCT cells the enzyme was no longer detectable (Fig.
6B).
In situ hybridization and Northern blot
In situ hybridization. Hybridization of the sections with the
rTSC1-antisense riboprobes revealed a prominent signal in the
apical portion of DCT cells, exclusively (Fig. 7A). Signals were
almost absent in damaged cells of treated animals (Fig. 7B),
whereas intact cells, occasionally interspersed among damaged
cells (Fig. 7C), expressed rTSC1 transcripts as strongly as DCT
cells in untreated control rats. Hybridization with the sense rTSC1
riboprobes revealed only little general background labeling (not
shown).
Northern blot analysis. Northern blot analysis, using a [a32P]
labeled DNA probe that was obtained by random priming of the
full length rTSC1a cDNA, revealed the previously described [171
two major transcripts of —3.3 and ——4.4 kB, characteristic for
rTSC1b and rTSCIa, respectively. Both transcripts were nearly
undetectable after metolazone teatment in rat renal cortex (Fig.
8). Complete transfer and integrity of RNA was established by
subsequent hybridization with a GAPDH-specific probe.
Discussion
The pivotal role of increased sodium entry through the apical
membrane in up-regulation of salt transport capacity and in
hypertrophy of renal epithelia has been demonstrated by many
studies [1, 12]. Whether specific inhibition of the apical NaCI
entry into DCT cells in vivo has any influence on DCT cell
structure, which ultimately might promote a decrease in the
transport capacity of the epithelium, had not been studied previ-
ously.
Apical NaCI entry into DCT cells proceeds almost exclusively
by electroneutral NaCI cotransport [20, 21]. The corresponding
transport protein, the thiazide sensitive NaCI cotransporter
(TSC), has recently been cloned [17, 22] and localized by immu-
nohistochemistry in the luminal membrane of DCT cells in rat
[15]. In the DCT of rabbit a metolazone-binding protein [23, 24],
and in rat and human [15, 25] TSC mRNA have been shown by
immunohistochemistry and by in situ hybridization, respectively.
Chronically increased salt load increases the hybridization signal
for rTSC1-mRNA as well as the number of high-affinity thiazide
diuretic receptors in rat renal cortex [25, 26], and it promotes
structural and functional hypertrophy of the DCT epithelium [27,
28].
In the present study we used thiazide diuretics in order to block
the apical NaCI entry into rTSC1-positive cells. Continuous
treatment of rats for three days with either metolazone or
hydrochlorothiazide (HCTZ) provoked massive degenerative al-
terations and cell death in the DCT, as well as focal peritubular
inflammation. The rTSC1 protein almost vanished from the
luminal membrane and was distributed all over the cells, with
some accumulation in basal cell portions, as well as in extracellu-
lar spaces. Northern blot analysis showed a decline to almost zero
of rTSCI transcripts in the renal cortex, and in situ hybridization
confirmed the absence of rTSCI transcripts in damaged DCT
cells.
Considering the broad clinical use of thiazide diuretics in
humans and the paucity of reports describing adverse effects,
other than those directly related to their specific pharmacologic
effects [21], these findings were unexpected. However, the struc-
tural data after thiazide teatment in our study are fully compatible
with transport studies in distal tubules of rats. Indeed, NaCI
transport by the DCT not only falls to almost zero after HCTZ
treatment [29], but it remains at low levels for some time after
removal of the drugs, as shown in rats by micropuncture experi-
ments after prolonged thiazide treatment [28]. The observed
decrease in Na,K-ATPase activity after thiazide treatment [30]
can be explained by the decrease of basolateral cell membranes.
However, the decline of rTSCI transcripts and the reduction of
the rTSCI-protein in the luminal membrane of DCT cells seem to
be in contradiction with data reporting increased (3H)-metola-
zone binding (as a parameter of the rTSC1 abundance) in renal
cortical homogenates of HCTZ-treated rats [26, 28]. Our data
offer no ready explanation for this discrepancy.
Mechanisms involved in cellular damage
Possible mechanisms involved in cellular damage during treat-
ment with thiazides might be toxicity of the drugs, independently
of their pharmacological effect, or a consequence of their specific
effect on apical transport steps in DCT cells, or an immunological
reaction.
Drug toxicity. Regarding a toxic effect of the drugs, the exclusive
lesions in the DCT might be explained by the presence of the
rTSCI -receptor on DCT cells alone. However, the following data
argue against an intrinsic toxicity of the diuretics as an explanation
for DCT degeneration: (1) both drugs, HCTZ and metolazone,
provoked similar lesions in the DCT; (2) while thiazide diuretics
are secreted by proximal tubule cells [21, 31] the latter were not
structurally affected by the drugs; (3) most importantly, the most
distally located rTSCI-positive cells revealed no structural alter-
ations, regardless of the applied doses.
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Fig. 7. Cyiyostat sections show rTSCI transcripts by in situ hybridization with a digoxigenin-labeled rTSCI antisense riboprobe. (A) In renal distal convoluted
tubules (D) of control animals rTSC1 transcripts are present in the apical cell pole of DCT cells. In rats treated for three days with metolazone, rTSC1
transcripts are almost absent in damaged DCT cells (B), hut remain detectable in a few morphologically unaltered DCT cells (C; the darkly stained cells)
(magnification -lOOOX; bar —-1O jim).
Pharmacological effects of thiazide diuretics. We favor the expla-
nation that the primary cause for the injury of DCT cells during
treatment with thiazide diuretics might be related with their
pharmacological effect, that is, inhibition of apical NaCI entry [29,
32] and increase of apical Ca2-entry [21, 33, 34]. Strange [35]
showed that inhibition by amiloride of apical Na entry in isolated
rabbit CCD cells is followed by immediate cell shrinkage. Cell
shrinkage seems to induce catabolic processes [reviewed in 36],
that ultimately might lead to apoptotic cell death. Although this
last consequence has not been shown in vivo, a reciprocal relation
between Na entry into the cells and apoptotic cell death is
suggested by observations in rats: dietary sodium restriction
promotes apoptosis after renal ischemia, and on the contrary, high
Na intake reduces the incidence of apoptosis after ischemia [371.
In neuroblastoma cells in cell culture hyperosmotic stress was
followed by apoptosis [38].
If thiazide-induced inhibition of NaCI entry into the cells of the
DCT were the primary cause for damage, then how can the lack
of lesions in rTSC1-positive cells in the transitional region to the
CNT he explained? Na transport in cortical segments downstream
the DCT (in CNT, CCD) is mediated by amiloride-sensitive
sodium channels (ENaC) [39]. The presence of the ENaC in rat
distal segments has recently been shown by immunohistochemis-
try and in situ hybridization by Due et a! [40]. Ellison et a!
confirmed the presence of ENaC in the CNT and CCD, and
specified that in the DCT ENaC is restricted to the transitional
region from the DCT to the CNT [41]. Therefore, it is conceivable
that a cell population in this transitional region displays at least
two different pathways for the Na entry into the cells, the rTSC1
and the ENaC. The latter might assure Na entry into the cells
during a blockade of the rTSCI -mediated transport. This might
Fig. 8. Representative Northern blot analysis of total RNA isolated from
renal cortex of a control and a metolazone-treated rat. (A) In homogenates
of renal cortex of treated animals the bands for rTSC1-related mRNA
have almost disappeared. (B) Subsequent hybridization of the same
membrane with a GAPDH specific probe serving as the control for loading
and transfer.
prevent the cells from Na depletion and its putatively deleterious
consequences.
The hypothesis that inhibition of Na entry into cells induces
cellular breakdown, and ultimately cell death, is in apparent
Control Metolazone
TSC
GAPDH
tr l t l
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contradiction with the observations on the thick ascending limb
after specific inhibition of apical Na-K-2C1 entry by furosemide.
Even after six days of continuous furosemide treatment (with
replacement of the diuretic salt loss) the transport rates in the
TAL were restored immediately after removal of furosemide from
the blood circulation [4] and the epithelium appeared to be
structurally fully intact. However, the abrupt lowering of Na entry
into the TAL by furosemicle treatment does have some effects on
the TAL metabolism, since it transiently slows the DNA synthesis
rate by TAL cells to almost zero [3]. A decrease of Na-K-ATPase
activity in the TAL epithelium following furosemide treatment
has also been reported [42], and in the absence of salt replace-
ment short-term treatment with furosemide increased the inci-
dence of autophagosomes in TAL cells [43]. Recently, the pres-
ence of a second sodium transport pathway in the apical cell
membrane of the rat TAL, the sodium/proton exchanger (NHE-
3), has been revealed by immunohistochemistry [44]. Therefore, if
the Na entry through the Na-K-2Cl pathway is inhibited by
furosemide, some Na entry into TAL cells might be assured by
NHE 3 and protect the cells from Na depletion.
Thiazide-like diuretics have a hypocalciuric effect, which is
thought to be promoted by increased Ca2tentry through the
apical membrane of distal cells [33, 34]. It can be speculated that
the structural degradation and apoptotic cell death of DCT cells
might not solely be caused by the reduction of apical NaCI-entry
into the cells, but in addition (or alternatively) by an abrupt and
transient rise in intracellular Ca2 associated with thiazide treat-
ment. Data derived from cell culture suggest that increases in free
intracellular Ca2 might trigger apoptosis and that inhibition of
Ca2 entry into cells might prevent apoptosis [45-47]. The DCT
and CNT both reveal Ca2 -Mg2-ATPase in their basolateral
membranes [48], and both display the cytoplasmic calcium-bind-
ing protein calbindin D2NK [49]. This protein might buffer rapid
increases in intracellular calcium [50]. In the DCT the abundance
of calbindin D2SK is considerably lower than in the CNT. Inter-
estingly, the most distal rTSCI -positive cells that regularly escape
the detrimental effect of thiazide treatment have as high an
intracellular calbindin DSSK level as the CNT cells. Observations
from cultured lymphocytes have shown that overexpression of
calbindin D2SK largely protects cells from apoptotic death induced
by increased Ca2 entry [51].
Immunological reaction. The focal peritubular inflammation,
present in the direct vicinity of structurally affected DCT cells,
might also point to a cellular immune event induced by the
thiazide diuretic treatment. A few cases of renal failure following
treatment of patients with HCTZ and additional diuretics (triam-
teren, spironolactone) have been reported, and focal interstitial
infiltrates surrounding distal tubules were detected in renal biop-
sies of these patients [52—54]. In these cases the focal perituhular
inflammation was ascribed to a hypersensitivity reaction to the
drugs [55]. For the tubular lesions observed in our study we
exclude a primary immunological etiology because they occurred
in each treated rat, without exception, and they were dose-
dependent. The interstitial changes were strictly restrained to sites
of damaged cells. We assume that the inflammatory reaction is
secondary to the decay of the tubular cells. Cell death following
inhibition of the cell type-specific transport activity has not been
described in the kidney before. In gastric mucosa of rabbits,
structural alterations comparable to those found in DCT cells
after thiazide treatment have been reported in oxyntic cells after
specific inhibition of proton secretion by treatment with omepra-
zole [56]. Also, in the latter study an interstitial inflammation was
apparent in the direct vicinity of injured epithelial cells.
Conclusion
Treatment of rats with thiazide-like diuretics results in disorga-
nization of DCT epithelium, with massive apoptotic cell death,
and peritubular inflammation. We suggest that these epithelial
lesions are triggered by the blocking of the NaCl entry into the
cells (and possibly concomitant increases of intracellular Ca ),
rather than by a toxicity of the drug or an immunological event.
The focal interstitial inflammation might be provoked by the high
rate of cell death in the DCT. These observations raise the
intriguing question of whether complete blocking of apical Na
entry in other nephron segments, such as by the therapeutical use
of combinations of diuretics, each blocking a different Na
transport protein, might provoke similar lesions.
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